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Understanding the global buckling behavior of thin-walled 
members with slotted web 
 
B. Geleji




In this paper flexural buckling of thin-walled members with holes are discussed. 
Members with few but large openings, as well as with slotted webs are studied. 
Large number of finite element analyses has been performed, by using a 
carefully constrained shell finite element model in order to exclude the 
distortion of the cross-section, which makes it possible to analyze flexural 
buckling separately from other modes. Based on the results general conclusions 
are drawn regarding the global behavior of members with holes. Moreover, 
analytical models are developed for column members with slotted webs, with 
neglecting or with considering the effect of shear deformations. The proposed 
analytical models are the adaptation of the shell-theory-based analytical models 





Thin-walled members sometimes have holes due to various reasons and in 
various arrangements. There might be large but few openings, as well as many 
smaller holes. A special version of this latter case is when the profile (e.g., 
channel profile) is produced with slotted web. Though the application of holes is 
due to non-structural reasons, holes have non-negligible influence on the 
structural behavior, too. During the last few decades various approaches have 
been proposed for the handling of the effect of holes in thin-walled (e.g., cold-
formed steel) members. Similarly to members without holes, some proposals are 
based on the effective width approach (Ádány et al, 2002), while others on the 
direct strength method (DSM) approach (Moen and Schafer, 2009). The existing 
studies are mostly design-oriented, i.e., they try to give recommendations for 
predicting the design capacity of the thin-walled member with holes.  
 
The actual paper basically adopts the worldview of DSM, by a priori assuming 
that the thin-walled members (subjected to compressive axial stresses) have 
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three basic types of behavior: local(-plate), distortional and global, among which 
the global ones are studied. However, in certain cases shear modes have crucial 
importance, too as shown in Ádány (2014). As it will be shown, members with 
slotted webs are also among those cases where shear behavior is crucial, 
therefore, shear deformation will also be considered here.  
 
Both global and (global-)shear modes have the characteristic feature that cross-
section deformation is non-existing or at least negligibly small, therefore, rigid 
cross-sections are enforced throughout the whole research. The effect of holes 
on the elastic buckling behavior and elastic critical load are explored by using 
shell finite element models. Two basic questions are discussed. First: how the 
global modes can be defined if holes are present? Second: how the effect of 
slotted webs can be considered in the calculation of elastic critical load in case 
of flexural buckling? To answer the first question various numerical studies are 
performed and briefly presented, showing the important effect of shear 
deformations. As far as the second question is concerned, a semi-analytical 
method is proposed for the elastic critical load calculation of members with 
slotted webs considering or disregarding the effect of shear deformations.  
 
 
Overview of the completed numerical studies 
 
To analyse the effect of holes, numerical studies have been performed. Column 
members are analysed with and without holes. Various cross-sections are 
selected, including I, C, U and Z shaped cross-sections, see Fig 1. For 
illustration, here the C-shaped sections will be used with the following 
dimensions: 200 mm for the web height, 40 mm for the flange widths, 20 mm 
for the lip lengths, and 2 mm for the thickness. The given dimensions are out-to-
out dimensions. Note the lips are perpendicular to the flanges. 
 
 
I-thick I-thin U Z C 
Figure 1: Considered cross-section shapes  
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The considered material has characteristics similar to regular steel. However, 
previous studies highlighted that the applied constraining (namely, that no 
transverse deformations are allowed) introduces an increase of the axial stiffness 
(as well as all the stiffnesses associated with warping), therefore, results are 
more realistic if the Possion’s ratio is set to zero. (For more details, see Ádány 
and Visy, 2012). Thus, the material properties are as follows: E = 210 000 MPa 
and =0.  
 
Various column lengths are considered. In all the cases the column members 
have simple supports at both ends. Various buckling modes have been calculated. 
Here, only major-axis flexural modes will be presented, since flexural modes are 
easy to understand, while the effect of holes (and especially, the effect of shear 
deformations) is more visible and understandable in case of major-axis buckling. 
It is to note that while major-axis flexural buckling is a natural buckling mode 
for double-symmetrical cross-sections (e.g., I-section), it does not occur in the 
typical single-symmetrical (cold-formed steel) cross-sections (such as C, Z or U), 
since in these cases minor-axis flexural mode and flexural-torsional modes are 
the natural buckling modes. However, if torsion of the member is prevented, 
major-axis flexural modes become realistic. Thus, the here presented numerical 
examples assume that torsion is prevented, e.g., by applying continuous lateral 
restraint for both flanges (e.g., by some OSB, gypsum board or trapezoidal 
sheeting). 
 
Members without holes, with large web hole(s) and with slotted webs are 
considered. In case of large openings rectangular holes are considered, centrally 
located in the web, equally spaced along the member length. The dimension of 
one hole is 120x120 mm.  In case of slotted webs the assumed slot arrangement 
is shown in Fig 2, symmetrically arranged and centrally located.  During the 
studies the slot sizes and slot distances are kept constant, however, the number 
of slot rows is varying from 1 to 15. 
 
The buckling analyses have been conducted by shell finite element model, as 
discussed in detail in the following Section. In all the cases the cross-section 
distortion has been excluded by carefully defined restraints, therefore, local-
plate or distortional buckling modes are prevented. The analyses are performed 
in three basic options, depending on the allowed/restrained in-plane shear 








Figure 2: Slot arrangement  
 
 
Constrained Ansys shell FE model 
 
In case of shell finite element analysis the Ansys software is used (Ansys, 2011). 
Thin shell elements are applied based on Kirchhoff plate theory (called 
SHELL63 in Ansys). A relatively fine mesh is used for the FE analysis with 
approx. 10 000 shell elements. The analysed column is simply-supported which 
means that the ends are free to rotate about the transverse axes and free to warp, 
but restrained against transverse translations and restrained against rotation 
about the longitudinal axis. In order to avoid numerical problems, a longitudinal 
support has also been applied at one single node.  
 
The column is loaded by two concentrated longitudinal forces at its ends, equal 
in magnitude but opposite in direction, which is resulted a constant compression 
force along the column. The end forces are applied as distributed loads along the 
mid-lines of end cross-sections.  
 
The analysed members are constrained in order to exclude other than global 
buckling modes. Two types of constraints are applied, as follows: (c1) 
constraints to exclude cross-section deformations, (c2) constraints to exclude in-
plane shear deformations. If c1+c2 constraints are used, this leads to classical 
shear-free bending deformations. If c1 is used without c2, this leads to global 
modes with in-plane shear. 
 
The practical realization of the constraints is not an obvious process. The 
following ways are found to be the most convenient ones. Criterion c1 is 
enforced by introducing “virtual diaphragms”. Virtual diaphragm ensures that 
transverse displacements (i.e., transverse translations and rotation about the 
column’s longitudinal axis) in a cross-section are linked to each other. (In Ansys 
this kind of constraint can readily be realized by the CERIG command.) 
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Criterion c2 means the exclusion of in-plane (membrane) shear deformations of 
the plate elements of the cross-section. A straightforward way to realize it in an 
Ansys FE analysis is to apply a special finite element (called SHELL28) with 
increased shear rigidity. Note, some more details on how to do the constraining 
in Ansys can be found in Ádány and Visy (2012). 
 
The actual paper discusses members with holes. As far as in-plane shear 
deformations are concerned, three options will be used. In case of ‘no shear’ 
option shear deformations are totally excluded, by applying c1+c2 constraints 
for the whole member, including the holes, too. In case of ‘shear in holes only’ 
option the c1+c2 constraints are applied for the steel part of the member, but not 
for the holes. In case of ‘shear allowed’ option c1 constraints are used only, 




Understanding the effect of holes and shear deformations 
 
The effect of shear options is illustrated in Fig 3 in case of large web openings. 






shear in holes only 
 
shear allowed 
Figure 3: Buckled shapes with various shear options: members with holes 
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It is remarkable how different the buckled shapes are depending on the assumed 
shear deformations, even though in all the cases the cross-section distortions are 
prevented. In case of large openings, if shear is allowed, the global shape of the 
transverse displacements is different from the half-sine wave, since the 
transverse deformations are localized around the large openings. It is also 
evident that if classical beam-theory-like deformations are aimed, shear 







shear in holes only 
 
shear allowed 




In case of columns with slotted webs the effect of shear deformations – in 
general – is smaller, but still significant. If shear is allowed, the buckled shapes 
are similar to that of a shear-deformable column, due to the fact that the holes 
are distributed.  
 
Therefore, a general conclusion is that the effect of holes greatly depends on the 
size of the holes. In case of multiple (evenly distributed) small holes, the 
member can be modelled by shear-free or shear-deformable beam theory. In 
case of large openings, however, it is typical to have localized deformations, 
therefore, classical beam-theory-based solutions are unlikely applicable.  
 
Critical forces for the cases with large web holes are given in Table 1, while for 
the cases of slotted web in Table 2. (Note, though C-section columns are shown 
here, the results well represent other cross-sections, too.) The most important 
observations are as follows: (i) holes might have large effect on the critical 
forces, (ii) in-plane shear deformations might have significant effect on the 
critical forces as well as on the buckled shapes, and (iii) imitation of classical 
beam-theory-like solutions requires the exclusion of shear deformations both in 









0 hole 1 hole 2 holes 3 holes 4 holes 
 mm kN kN kN kN kN 
 500 23156 21173 20691 20112 - 
no 1000 6677.4 6483.9 6411.5 6344.1 6247.0 
shear 1500 3052.5 3001.9 2980.6 2959.5 2936.3 
 2000 1736.9 1715.7 1707.3 1697.3 1686.9 
shear 500 23156 7900.9 6143.9 5839.5 - 
in 1000 6677.4 6479.4 4916.7 4489.4 4196.1 
holes 1500 3052.5 2998.8 2840.2 2717.1 2609.8 
only 2000 1736.9 1713.6 1679.5 1642.8 1614.3 
 500 14840 3905.3 3085.6 2858.0 - 
shear 1000 5682.2 3391.7 2826.8 2660.9 2515.9 
allowed 1500 2822.6 2765.5 2294.4 2119.1 1995.8 
 2000 1657.7 1632.7 1541.1 1473.3 1417.3 
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 mm kN kN kN kN kN 
 500 23156 22984 22623 22004 20981 
no 1000 6677.4 6658.4 6598.1 6454.1 6172.5 
shear 1500 3052.5 3046.4 3025.0 2965.3 2835.7 
 2000 1736.9 1739.2 1722.8 1689.4 1620.1 
shear 500 23156 18855 14295 10238 7014.5 
in 1000 6677.4 6051.3 5195.9 4439.7 3740.6 
holes 1500 3052.5 2894.4 2649.3 2410.7 2157.5 
only 2000 1736.9 1676.9 1583.1 1484.9 1360.0 
 500 14840 11198 8186.0 5756.1 3864.0 
shear 1000 5682.2 4821.8 3922.2 3179.4 2535.0 
allowed 1500 2822.6 2565.4 2251.3 1966.5 1687.9 
 2000 1657.7 1559.8 1427.6 1297.1 1155.8 
 
 
Analytical solution for flexural buckling with neglecting the effect of shear 
 
Classical shear-free flexural buckling (or: in general, global buckling) of 
columns with solid webs have been comprehensively studied in Ádány (2012) 
and in Ádány and Visy (2012). Various beam-like and shell-like models are 
considered, and analytical solutions are also derived in various options, 
including options that can (practically) precisely imitate constrained shell 
models such as the Ansys shell FE model used in this study. According to the 
referenced papers, the option that best fit to constrained shell FEM is denoted 















































Fa  (2) 
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where E is the modulus of elasticity,  is the Poisson’s ratio, L is the member 
length, while the involved cross-sectional properties are as follows: A is the 
cross-sectional area, I is the second moment of areas calculated for the relevant 
(e.g., strong) axis with considering own plate inertias (i.e., the 
(‘width’)×(‘thickness’)3/12 terms), while Ir is the same second moment of area 
but with neglecting own plate inertias. In case of thin-walled members rII   



















  (3) 
 
Note, this formula is exactly identical to the one that belongs to ‘yyy’ option in 
Ádány (2012) or Ádány and Visy (2012). 
 
As numerical results clearly show, the effect of holes might be significant, even 
if the in-plane shear is neglected. Our aim here, hence, is to extend the 
applicability of the above formula for column members with slotted webs. The 
proposal is to apply the same formula, but with modified, i.e., reduced section 
properties.  
 
Assuming that the web slots are present along the whole length of the member 
(which is the typical practical situation), it is reasonable to assume that an 
equivalent constant axial and bending stiffness can be defined. The equivalent 
section properties accounting for the holes are proposed to calculate as follows: 
 
332211 AAAAeq   and 332211 IIIIeq   (4) 
 
where A1, A2 and A3 are cross-section areas with considering the holes due to the 
slots, while I1, I2 and I3 are moment of inertias for the relevant (i.e. strong) axis 
with considering the holes calculated with considering the holes. The ‘1’, ‘2’ 
and ‘3’ locations are illustrated in Fig 5. Obviously, the values of the  
coefficients are dependent on the arrangement of the slots. Evidently, 
1321  , and it is reasonable to assume that 1 should be equal to 2 (in 
case of any regular slot arrangement), while 3 should have the largest value out 
of the three. For the considered slot geometries 18.021  and 
64.03  values have been found to yield to extremely good results for any 






















 mm kN kN kN kN kN 
 500 23103 22986 22625 22005 20981 
Ansys 1000 6671.7 6658.7 6599.3 6453.8 6173.6 
constr. 2000 1734.6 1739.4 1717.4 1682.2 1617.4 
shell 3000 777.10 776.97 771.52 756.02 723.95 
 5000 282.55 280.50 277.39 269.86 261.70 
 500 23113 22991 22634 22014 21000 
analyt. 1000 6672.6 6660.1 6600.2 6454.1 6174.4 
solution 2000 1735.3 1733.8 1721.7 1686.3 1614.7 
Eq (3) 3000 777.04 776.54 771.40 755.80 723.80 
 5000 280.82 280.66 278.86 273.27 261.72 
 
 
Analytical solution for flexural buckling with considering the effect of shear 
 
Flexural buckling of columns with considering the effect of in-plane shear 
deformations has been comprehensively studied in Ádány (2013). Various 
beam-like and shell-like models are considered, and analytical solutions are also 
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derived in various options, including options that can (practically) precisely 
imitate constrained shell models such as the Ansys shell FE model used in this 
study. In case of shell-theory-based models the analytical solution for the critical 













































    ss GAF   (6) 
 
and G is the shear modulus, As is the shear area for the relevant direction, and 
the  coefficients are dependent on the considered option. According to Ádány 
(2013), the option that best fit to constrained shell FEM is denoted there as ‘yny’, 
and the formulae for the a coefficients are as follows: 
 










 13    14   (7) 
 
In case of thin-walled members, however, 12  , therefore, the critical force 
formula (for the smallest critical force) can be simplified to: 
 

































3 1  (9) 
 
In the above formulae the Fs term is essentially the shear rigidity of the cross-
section. If the web of the member is solid, the shear rigidity can be considered to 
be equal to the web area times the shear modulus of elasticity. However, if the 
web is slotted, the definition of shear rigidity needs further considerations. Here, 
the following model is adopted. 
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 Let us consider a web panel consisted of three parts with a reduced stiffness 
middle part, as shown in Fig 6. We are searching for an equivalent shear 












321   (10) 
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By applying the above formula for the slotted web, the equivalent web shear 
rigidity can be expressed. Let us consider that the height of the slotted (i.e., 
reduced stiffness) part of the web is: 
 
)12(  slotslots nhh  (12) 
 




s   (13) 
 
















,  (14) 
 
Obviously, the equivalent shear rigidity is highly dependent on the number of 
slot rows, which is illustrated in Fig 7, where the shear rigidity reduction is 








Figure 7: Equivalent shear rigidity as the function of slot rows 
 
 
The above analytical model has been used to calculate critical forces for flexural 
buckling with considering shear deformations due to slotted web. To do so, the 
value of the reduced stiffness for the slotted part of the web is necessary to 
determine. In this study this has been done by a simple trial-and-error procedure 
so that the analytical results would fit to numerical (i.e., Ansys shell FE) results. 
It has been found that Gs/G=0.075 value yields to reasonable results. Some of 
the numerical results are summarized in Table 4. It can be observed that the 
difference between the analytical and numerical critical forces is typically under 
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1%, and certainly not more than a few percent at least for long and moderately 
short columns. If the column length becomes very short, the analytical model 
underestimates the critical force calculated by the Ansys constrained shell model. 
However, this underestimation has little practical relevance, since it occurs at 
very short columns, i.e., at very high critical force values only. 
 
 














 mm kN kN kN kN kN 
 500 13508 11198 8186.0 5756.1 3864.0 
Ansys 1000 5429.6 4821.8 3922.2 3179.4 2535.0 
constr. 2000 1632.9 1559.9 1427.8 1297.1 1155.8 
shell 3000 755.54 738.20 703.04 662.23 610.44 
 5000 277.93 275.34 268.97 259.18 243.93 
 500 14080 10085 6368.0 4628.9 3621.2 
analyt. 1000 5565.6 4799.5 3745.4 3048.1 2545.0 
solution 2000 1647.4 1571.1 1431.4 1300.5 1171.8 
Eq (8) 3000 758.79 741.88 706.77 666.66 618.46 





In this paper flexural buckling of thin-walled members with holes are discussed. 
Members with few but large openings as well as with slotted webs are 
considered and studied. Large number of finite element analyses has been 
performed, by using a carefully constrained shell finite element model in order 
to exclude the distortion of the cross-section. In fact, this constrained model 
makes it possible to analyze global (i.e., flexural) buckling separately from other 
modes. 
 
First, some general conclusions are drawn. It has been concluded that the holes 
have non-negligible effect on the global buckling behavior. The presence of 
holes influences the behavior and critical forces in two ways: (i) they reduce the 
axial and flexural rigidity, and (ii) they reduce the overall shear rigidity so that 
the typically negligible and neglected shear deformations must be considered. 
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Based on the shell finite element results analytical formulae have been proposed 
for the calculation of critical forces for members with slotted webs, with 
neglecting and with considering the effect of shear deformations. In both cases 
shell-theory-based analytical solutions have been used, proposed by the authors 
earlier. The previously developed analytical solutions, however, must be adapted, 
by calibrating the various rigidities. This calibration is also performed with 
considering a specific slot arrangement, but with varying number of slot rows. 
Comparison of the analytical and shell FE results show that the agreement is 
excellent if shear deformations are totally excluded (including shear 
deformations of the holes, too). If shear deformations are also considered, the 
agreement is still satisfactory for long and moderately short columns. 
 
Though in the presented research various cross-sections are used, here only C-
shaped members are used for illustration. The results show, however, that the 
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